Background-Few studies have reported the relationship between cardiorespiratory fitness and metabolic syndrome incidence, particularly in women. Methods and Results-We prospectively studied 9007 men (meanϮSD age, 44Ϯ9 years; body mass index, 25Ϯ3 kg/m 2 ) and 1491 women (age, 44Ϯ9 years; body mass index, 22Ϯ2 kg/m 2 ) who were free of metabolic syndrome and for whom measures of waist girth, resting blood pressure, fasting lipids, and glucose were taken during baseline and follow-up examinations. Baseline cardiorespiratory fitness was quantified as duration of a maximal treadmill test. Metabolic syndrome was defined with NCEP ATP-III criteria. During a mean follow-up of 5.7 years, 1346 men and 56 women developed metabolic syndrome. Age-adjusted incidence rates were significantly lower (linear trend, PϽ0.001) across incremental thirds of fitness in men and women. After further adjustment for potential confounders, multivariable hazard ratios for incident metabolic syndrome among men in the low, middle, and upper thirds of fitness, were 1.0 (referent), 0.74 (95% CI, 0.65 to 0.84), and 0.47 (95% CI, 0.40 to 0.54) (linear trend PϽ0.001); in women, they were 1.0 (referent), 0.80 (95% CI, 0.44 to 1.46), and 0.37 (95% CI, 0.18 to 0.80) (linear trend Pϭ0.01), respectively. Similar patterns of significant inverse associations between fitness and metabolic syndrome incidence were seen when men were stratified on categories of body mass index, age, and number of baseline metabolic risk factors, but patterns were variable in women. Conclusions-Low cardiorespiratory fitness is a strong and independent predictor of incident metabolic syndrome in women and men. Clinicians should consider the potential benefits of greater cardiorespiratory fitness in the primary prevention of metabolic syndrome, particularly among patients who have already begun to cluster metabolic syndrome components. (Circulation. 2005;112:505-512.)
M etabolic syndrome is a condition of high-risk phenotypes that include elevated blood pressure, dyslipidemia, impaired glycemic control, and abdominal obesity. 1 The etiology of metabolic syndrome is complex and characterizes defects in several homeostatic regulatory systems 2 that, when coexisting, increase the risk of cardiovascular events [3] [4] [5] and diabetes. 4, 6, 7 Recent data suggest that metabolic syndrome may be particularly associated with significant underlying atherosclerotic coronary disease in women. 8 Therefore, detecting metabolic syndrome in otherwise asymptomatic individuals has been recognized as a clinical tool for identifying high-risk individuals for intensive primary preventive therapy. 9
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Several investigators have identified predictors of metabolic syndrome. 10 -16 Few studies, however, have included measures of physical activity or cardiorespiratory fitness. 10, 11, 16 Experimental data have shown that increases in physical activity improve each metabolic syndrome risk factor. [17] [18] [19] [20] [21] Cross-sectional studies, 22, 23 including our analyses in the Aerobics Center Longitudinal Study (ACLS), 24, 25 have demonstrated an inverse association for physical activity and cardiorespiratory fitness with metabolic syndrome prevalence. Furthermore, a recent study showed that participation in 20 weeks of supervised aerobic exercise training resulted in a 31% reduction in metabolic syndrome prevalence among 105 adults. 21 Prospective data on physical activity and cardiorespiratory fitness as predictors of metabolic syndrome incidence are sparse. 10, 11, 16 Studies using fitness exposures have consistently shown an inverse association with incident metabolic syndrome, 10, 11 whereas studies using self-reported physical activity exposures have been equivocal. 11, 16 Cardiorespiratory fitness, assessed with maximal exercise testing, is stronger than self-reported physical activity as a predictor of health outcomes because fitness assessment is less prone to misclassification 26 and because factors other than physical activity may influence fitness levels and health status through related biological pathways. 27 A weakness in existing prospective data relating activity or fitness with incident metabolic syndrome is a limited understanding of whether the association varies by sex, age, weight status, and the number of baseline metabolic syndrome components. We therefore examined these issues in a large prospective study of men and women.
Methods
Participants were men and women 20 to 80 years of age who had preventive medical examinations at the Cooper Clinic (Dallas, Tex) between 1979 and 2003 and who are enrolled in the ACLS. 28, 29 Inclusion criteria required participants to have at least 2 clinic examinations with complete measurements for each metabolic syndrome variable and a baseline cardiorespiratory fitness measurement (nϭ13 628). Exclusions (nϭ3130) were prevalent metabolic syndrome (nϭ2067), an abnormal resting (nϭ327) or exercise (nϭ441) ECG, and a history of physician-diagnosed coronary heart disease (nϭ48), stroke (nϭ11), or cancer (nϭ236) at baseline. The remaining 9007 men and 1491 women met all criteria and were included in the analysis. Participants were mostly non-Hispanic whites (Ͼ95%) of middle to high socioeconomic status. The average number of clinic visits and years between first and last visits were 4.3Ϯ3.3 (range, 2 to 28) and 5.8Ϯ5.1 years (range, 0.01 to 23.9) in men and 3.1Ϯ1.9 (range, 2 to 16) and 5.5Ϯ5.1 years (range, 0.03 to 22.8) in women, respectively. The Cooper Institute Institutional Review Board approved the study protocol, and participants provided written informed consent.
The clinic examination followed a 12-hour fast as described elsewhere. 24, 28, 29 Body mass index (BMI; kg/m 2 ) was computed from measured height and weight. Waist girth was measured at the umbilicus. After a brief period of quiet sitting, resting systolic and diastolic blood pressures were recorded as the first and fifth Korotkoff sounds using standard auscultation methods. 30 Concentrations of triglycerides, HDL cholesterol, and glucose were measured in antecubital venous blood with automated bioassays according to Centers for Disease Control and Prevention standards. 28 We quantified cardiorespiratory fitness as the duration of a maximal treadmill exercise test using a modified Balke protocol. 24, 28 Patients began walking at 3.3 mph (88 m/min) with no elevation. The incline was increased to 2% after the first minute and was increased 1% each minute thereafter until the 25th minute. For participants who were still able to exercise beyond 25 minutes, the elevation was maintained at 25%, and the speed was increased by 0.2 mph (5.4 m/min) each minute until volitional exhaustion. Duration of this treadmill test is highly correlated with measured maximal oxygen uptake in men (rϭ0.92) and women (rϭ0.94). 31, 32 Maximal MET levels of cardiorespiratory fitness (1 METϭ3.5 mL O 2 · kg Ϫ1 · min Ϫ1 ) were estimated from the final treadmill speed and grade. 33 Sexspecific distributions of treadmill exercise duration were formed within the following age groups: 20 to 39, 40 to 49, 50 to 59, and Ն60 years. Each sex-and age-specific distribution was divided into thirds of low, middle, and high cardiorespiratory fitness ( Table 1) . Use of tertile cutpoints is not the standard method of categorizing fitness in the ACLS. Previous ACLS reports that showed that low fitness is an independent predictor of mortality have used the lowest fifth of age-and sex-standardized treadmill duration to define low fitness, and moderate fitness and high fitness have been defined by the middle 40% and upper 40% of the distribution, respectively. 28, 29, 34 In the present analysis, however, low-fit individuals by the previous definition were rarely free of metabolic syndrome at baseline. Therefore, fitness was defined according to tertile cutpoints.
The outcome variable was metabolic syndrome defined as Ն3 of the following criteria 1 : abdominal obesity (waist girth Ͼ102 cm [40 in] in men and Ͼ88 cm [35 in] in women), triglycerides Ն1.69 mmol/L (150 mg/dL), HDL Ͻ1.04 mmol/L (40 mg/dL) in men and Ͻ1.3 mmol/L (50 mg/dL) in women, blood pressure Ն130 mm Hg systolic or Ն85 mm Hg diastolic, and glucose Ն6.1 mmol/L (110 mg/dL). Histories of physician-diagnosed hypertension and diabetes were included in the definition of abnormal blood pressure and glucose, respectively, as done in other epidemiological studies of metabolic syndrome incidence. 3, 10, 16 Other variables included in the analysis were current smoking status, alcohol intake, and family history of hypertension, diabetes, and premature coronary disease obtained from a standardized medical history questionnaire. Alcohol intake was quantified as drinks per week, with a drink standardized to 12 ounces of beer, 5 ounces of wine, or 1.5 ounces of liquor.
Statistical Analysis
Cases were defined as meeting the metabolic syndrome definition at any clinic examination after baseline. Among noncases, follow-up time was computed as the difference between the date of the baseline and the last clinic examination. Because the exact date of metabolic syndrome development is unknown, we used the midpoint between the date of the case-finding clinic examination and the date of the previous examination when participants were known to be free of metabolic syndrome. Follow-up time among cases was then computed as the difference between this date and the date of the baseline examination. Person-years of exposure were computed as the sum of follow-up time among cases and noncases. Incident rates (per 1000 person-years) were computed as the number of cases divided by person-years of exposure for the total sample according to sex, cardiorespiratory fitness level, and other categories of risk predictors.
We used Cox regression to estimate sex-specific hazard ratios (HRs) and 95% CIs as an index of the strength of association between cardiorespiratory fitness and incident metabolic syndrome. Multivariable analyses were adjusted for year of baseline examination, age (years), current smoking (yes/no), alcohol intake (drinks/ week), number of baseline metabolic syndrome risk factors (0, 1, or 2), and family history (yes/no) of hypertension, diabetes, and premature coronary disease. Henceforth, "covariables" refers to these factors unless otherwise specified. Additional Cox regression analyses were performed separately for men and women according to baseline BMI (Ͻ25 and Ն25 kg/m 2 ), age (20 to 39, 40 to 49, and Ն50 years), and metabolic syndrome components (0, 1, or 2).
We estimated population-attributable risk (PAR) of metabolic syndrome for the lowest third of cardiorespiratory fitness and each metabolic syndrome risk factor to quantify the influence that eliminating these risk factors might have on metabolic syndrome incidence in the source population of our cohort. PAR was computed as P c (1Ϫ1/HR adj ), where P c is the prevalence of a risk factor among metabolic syndrome cases and HR adj is the multivariable adjusted HR for metabolic syndrome associated with the specified risk factor. 35 We computed 95% CIs around the point estimate PAR using standard methods. 35 There were no a priori hypotheses on sex differences in metabolic syndrome incidence or the association between fitness and metabolic syndrome. Probability values are 2 sided, and PϽ0.05 was regarded as statistically significant. 
Results
A total of 1346 men and 56 women developed metabolic syndrome during 52 060 and 8275 person-years of exposure, respectively. The crude incidence rate of metabolic syndrome per 1000 person-years was 25.9 in men and 6.8 in women. Men and women who developed metabolic syndrome were broadly similar in age, average risk factor values, and average maximal MET levels of cardiorespiratory fitness as their same-sex peers who remained free of metabolic syndrome ( Table 2 ). In men and women, cases had higher prevalence of each metabolic syndrome risk factor at baseline than noncases. The number of baseline metabolic risk factors was significantly associated with metabolic syndrome case status in men ( 2 dfϭ1 ϭ709.4; P for trend Ͻ0.001) and in women ( 2 dfϭ1 ϭ68.9; P for trend Ͻ0.001). These values were similar for cases and noncases in both sexes.
We observed a steep inverse gradient (linear trend, PϽ0.001) of age-adjusted metabolic syndrome incidence rates across incremental thirds of cardiorespiratory fitness in men and women (the Figure) . Multivariable Cox regression was then used to quantify the strength of association between fitness and incidence of metabolic syndrome with adjustment for covariables ( Table 3 ). The adjusted risk of metabolic syndrome was 26% (16% to 35%) and 53% (46% to 60%) lower for men in the middle and upper thirds of fitness (linear trend PϽ0.001), respectively, compared with men in the lower third. In women, the adjusted risk of metabolic syndrome was 20% (Ϫ46% to 56%) and 63% (20% to 82%) lower among those in the middle and upper thirds of fitness (linear trend Pϭ0.01), respectively, compared with women in the lower third. On average, a 1-MET increment in maximal treadmill performance was associated with a 16% (12% to 17%, PϽ0.001) and 17% (4% to 29%, Pϭ0.02) lower multivariable-adjusted risk of metabolic syndrome in men and women, respectively.
We examined whether the association between cardiorespiratory fitness and incident metabolic syndrome varied according to strata of BMI, age, and number of metabolic syndrome components at baseline (Table 3 ). An inverse dose-response relationship (PϽ0.001) between fitness and metabolic syndrome was observed in men who were normal weight (BMI Ͻ25 kg/m 2 ) and overweight/obese (BMI Ն25 kg/m 2 ). Men in the top two thirds of the fitness distribution in 
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the normal and overweight/obese categories, respectively, had an Ϸ21% and Ϸ42% lower risk of developing metabolic syndrome than men in the lowest third of fitness within the same weight category (PϽ0.001). A trend for lower metabolic syndrome risk across thirds of fitness was present but not significant for women in the normal weight category. Strong inverse gradients in the risk of metabolic syndrome were seen across thirds of fitness in men who were 20 to 39, 40 to 49, and Ն50 years. The adjusted risks of metabolic syndrome were 22% to 32% and 52% to 54% lower for men in the middle and upper thirds of fitness, respectively, compared with men of the same age who were in the lowest third (PϽ0.001). A nonsignificant trend for lower metabolic syndrome risk with higher fitness was observed for women in each age group.
We examined the influence that the number of baseline metabolic syndrome risk factors had on the association between fitness and metabolic syndrome. The number of metabolic syndrome components was a significant predictor of developing metabolic syndrome in men and women. After adjustment for age and year of baseline examination, HRs for metabolic syndrome in individuals with 1 and 2 baseline risk factors were 2.9 (95% CI, 2.4 to 3.4; PϽ0.001) and 9.0 (95% CI, 7.6 to 10.6; PϽ0.001) in men and 2.9 (95% CI, 1.4 to 5.9; Pϭ0.004) and 16.3 (95% CI, 8.1 to 32.8; PϽ0.001) in women, respectively, compared with their same-sex peers with no metabolic syndrome components at baseline. Significant (PϽ0.001) inverse associations between fitness and metabolic syndrome were seen in men with 0, 1, and 2 metabolic syndrome risk factors at baseline (Table 3) . Adjusted HRs were 22% to 35% and 43% to 63% lower for men in the middle and upper thirds of fitness, respectively, compared with men in the lowest third (PϽ0.001). Similar patterns of association were seen in women, but a significant trend was seen only for those with no baseline metabolic syndrome components (Pϭ0.02).
The relative importance of low cardiorespiratory fitness and metabolic risk factors as predictors of metabolic syndrome is shown in Table 4 . After adjustment for age, smoking, year of baseline examination, and each risk factor in Table 4 , low fitness was a significant predictor of metabolic syndrome in men but not women. We computed PAR estimates to place the risk of metabolic syndrome for each exposure in the context of population-disease burden. Accordingly, if all individuals from our population sample who were in the lowest third of fitness had been in the middle or highest third of fitness, the incidence of metabolic syndrome may have been 15% and 20% lower in men and women, respectively. Because the metabolic risk factor may be viewed as intermediate in the causal pathway from fitness to metabolic syndrome, we also computed HRs and PAR estimates for low fitness, adjusting only for age, smoking, and examination year. The HRs and PARs for metabolic syndrome associated with low fitness were 2.3 (95% CI, 2.1 to 2.6) and 26.7% (95% CI, 22.9 to 30.4) for men and 2.4 (95% CI, 1.4 to 4.0) and 28.9% (95% CI, 7.5 to 45.3) for women.
Discussion
Metabolic syndrome afflicts Ϸ25% of US adults and is associated with increased risk of cardiovascular disease and diabetes. 1 Current clinical guidelines indicate a role for physical activity in the etiology and management of metabolic syndrome. 9 Whether higher levels of activity and fitness may help prevent metabolic syndrome development is less understood, particularly in women. 10, 11, 16 The results reported here show that cardiorespiratory fitness, an objective marker of recent physical activity patterns, was inversely associated with metabolic syndrome incidence in asymptomatic adults. The overall findings are consistent in women and men and hold after adjustment for several potential confounders, including the number of metabolic syndrome components at baseline. Strengths of the study are the use of maximal treadmill exercise testing to quantify cardiorespiratory fitness; use of a comprehensive physical examination, health history, and resting and stress ECGs to rule out subclinical disease at baseline; use of a large sample of men and women to permit meaningful sex-specific analyses; and an extensive follow-up for incident cases.
Associations between physical activity and metabolic syndrome incidence have been inconsistent, 11, 16 which may Age-adjusted incidence rates (per 1000 person-years) of metabolic syndrome by thirds of cardiorespiratory fitness in men and women. Number at risk (and number of cases) in low, middle, and high tertile of fitness was 3011 (636), 2984 (437), and 3012 (273) in men and 494 (28) , 500 (19) , and 497 (9) in women, respectively. largely reflect the inaccuracy of self-reported physical activity assessment, particularly in women. 36 Cardiorespiratory fitness, an objective measure of recent physical activity patterns, 26 is less prone to misclassification than self-reported physical activity habits. The 2 existing studies that used maximal cardiorespiratory fitness exposures have shown an inverse association with metabolic syndrome incidence. 10, 11 Laaksonen et al 11 reported 47% and 75% lower odds of developing metabolic syndrome among men in the middle and highest thirds of measured maximal oxygen uptake, respectively, compared with men in the lowest third. The association, however, was no longer significant after adjustment for baseline metabolic risk factors. Carnethon et al 10 reported on men and women combined and showed that only participants in the highest 40% of maximal treadmill performance were protected against developing metabolic syndrome. In our analysis, compared with individuals in the lowest third of fitness, the risk of developing metabolic syndrome was 20% to 26% lower among participants in the middle third and 53% to 63% lower among those in the highest third. The protective effect of fitness was observed in women and men and remained significant even after adjustment for the number of baseline metabolic syndrome factors. Our findings extend existing data by demonstrating that moderate and high levels of fitness provide substantial protection against developing metabolic syndrome in women and in men. Controlled clinical trials are needed to confirm these epidemiological observations.
Metabolic syndrome occurs across the distribution of age and BMI, although the prevalence is higher in older age groups and in overweight and obese individuals. 37 In our study, the pattern and strength of the inverse association between fitness and metabolic syndrome were similar across a broad range of ages (20 to Ͼ50 years) in our cohort of men. The same overall pattern of association was observed in these age categories for women; however, the small number of cases limited the statistical power to detect significant differences. Our findings underscore the importance of adequate The lowest third of fitness is the referent group. The HRs for the total sample of men and women and within stratum of BMI and age are adjusted for age, current smoking, alcohol intake, family history of disease, year of baseline examination, and number of baseline metabolic risk factors. The HRs within stratum of baseline metabolic syndrome risk factors are adjusted for each of these covariables except number of baseline metabolic syndrome risk factors. *The incidence rates for the total sample of men and women and across stratum of age are crude rates.
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cardiorespiratory fitness to avoid the clustering of metabolic risk factors in young and middle-aged adulthood. The distribution of metabolic syndrome cases by fitness tertiles was not adequate for meaningful analyses in the Ͼ60-year-old age stratum; thus, additional data are needed to verify our findings in older individuals. In our study, metabolic syndrome developed among individuals who were normal weight as well as in those who were overweight/obese at baseline. Strong inverse gradients in the adjusted HR of metabolic syndrome were seen across fitness levels in normal weight and overweight/obese men. This is contrary to findings by the CARDIA investigators, who reported an inverse association between fitness and metabolic syndrome only in participants with BMI Ͻ30 kg/m 2 , 10 but consistent with data in Finnish men that indicated the association between fitness and metabolic syndrome was independent of BMI. 11 The association between fitness and metabolic syndrome in both weight categories among our women was nonsignificant perhaps because of low statistical power. Our data and those reported by others 11 suggest that higher cardiorespiratory fitness contributes to the prevention of metabolic syndrome even in individuals who are overweight or obese. Additional data on this issue are needed in women and in individuals with BMI Ͼ35 kg/m 2 .
It is logical to assume that individuals with 1 or 2 of the metabolic syndrome components at baseline would be more susceptible to expressing metabolic syndrome than individuals with none at baseline. Indeed, we observed that 51% of men and 43% of women who developed metabolic syndrome had 2 baseline risk factors compared with 19% and 7% of noncases, respectively. The adjusted HRs for metabolic syndrome in men and women with 1 or 2 baseline risk factors were 3-to 16-fold higher compared with participants with no baseline risk factors. Even after adjustment for the number of baseline metabolic risk factors, fitness was a significant predictor of metabolic syndrome in women and men. Inverse associations between fitness and metabolic syndrome were also observed in subgroups of men and women with 0, 1, and 2 baseline risk factors, although the analysis in women was limited by low statistical power. Our data suggest that higher fitness levels confer protection against metabolic syndrome even in individuals with increased susceptibility because of existing metabolic risk factors. Clinicians should consider the potential benefits of greater cardiorespiratory fitness in the primary prevention of metabolic syndrome in patients who have already begun to cluster metabolic syndrome components.
When regressed simultaneously, low cardiorespiratory fitness and each metabolic syndrome risk factor were significantly associated with developing metabolic syndrome in men. Among women, a direct association was observed between low fitness and metabolic syndrome, but the association was not statistically significant after adjustment for each metabolic syndrome risk factor. Most of the predictors in the analysis were themselves components of metabolic syndrome; therefore, it is not surprising that their relative strength of association is somewhat higher than seen for low fitness, although fitness was still a significant predictor in men. Based on PAR estimates, if there were no individuals in the lowest third of fitness, the incidence of metabolic syndrome would be 15% and 20% lower in men and women, respectively. Some authors debate whether an exposure (eg, fitness) should be adjusted for risk factors that may be intermediate in the exposure-outcome causal pathway. 38, 39 Therefore, we computed HRs and PARs for metabolic syndrome associated with low fitness adjusted only for age, smoking, and year of baseline examination. As expected, these PAR estimates of 27% for men and 29% for women were somewhat higher than the previously discussed PARs computed from the fully adjusted HRs. The comparable PAR estimates for metabolic syndrome associated with low fitness and the metabolic risk factors in our cohort suggest that improving population fitness levels should be given consideration similar to that given to modifying conventional metabolic risk factors for lowering the disease burden of metabolic syndrome.
Although genetics contribute to maximal cardiorespiratory fitness, the principal determinant is physical activity. 40 Cardiorespiratory fitness has been closely associated with the reported physical activity habits in the ACLS 34, 41 and other studies of fitness and metabolic syndrome incidence. 10, 11 For most individuals, cardiorespiratory fitness improvements can be obtained through regular participation in moderate and vigorous levels of physical activity. 33 Regular physical activity is a low-cost, safe therapy with minimal adverse side effects 33 and favorable benefits on a broad spectrum of health parameters, 28, 29, 34 including each metabolic syndrome component. [17] [18] [19] [20] [21] Pharmacological intervention for metabolic syn- ‡PAR computed as P c (1Ϫ1/HR adj ), where P c is the prevalence of the risk factor among metabolic syndrome cases and HR adj is the multivariable HR for metabolic syndrome associated with the specified risk factor. P c (ordered as listed in the table) drome would require multiple agents, which increases costs and risks of adverse effects. Therefore, promoting higher population levels of cardiorespiratory fitness through greater physical activity may be the most prudent clinical and public health strategy for the primary prevention of metabolic syndrome.
Our study has limitations that should be considered. Study findings apply primarily to white men and women with higher socioeconomic affluence. Although the external validity of our data is therefore limited, the homogeneity of our population sample reduces confounding by these sociodemographic factors, which enhances internal validity. Although the overall pattern and strength of association between cardiorespiratory fitness and incident metabolic syndrome were similar in men and women, subgroup analyses in women were underpowered. Additional data are needed to better establish the influence of cardiorespiratory fitness on metabolic syndrome incidence among clinically relevant subgroups of women.
We conclude that cardiorespiratory fitness is inversely associated with metabolic syndrome incidence in women and men and that the association is strong, graded, and biologically plausible. Randomized controlled clinical trials are needed to confirm the epidemiological observations reported here and elsewhere. Still, we believe that clinicians should counsel their sedentary patients to become more physically activity and to improve their cardiorespiratory fitness as part of the primary prevention of metabolic syndrome.
